Zebrafish are increasingly used in auditory studies, in part due to the development of several transgenic lines that express hair cell-specific fluorescent proteins. However, it is largely unknown how transgene expression influences auditory phenotype. We previously observed reduced auditory sensitivity in adult Brn3c:mGFP transgenic zebrafish, which express membrane-bound green fluorescent protein (GFP) in sensory hair cells. Here, we examine the auditory sensitivity of zebrafish from multiple transgenic and background strains. We recorded auditory evoked potentials in adult animals and observed significantly higher auditory thresholds in three lines that express hair cell-specific GFP. There was no obvious correlation between hair cell density and auditory thresholds, suggesting that reduced sensitivity was not due to a reduction in hair cell density. FM1-43 uptake was reduced in Brn3c:mGFP fish but not in other lines, suggesting that a mechanotransduction defect may be responsible for the auditory phenotype in Brn3c animals, but that alternate mechanisms underlie the increased AEP thresholds in other lines. We found reduced prepulse inhibition (a measure of auditory-evoked behavior) in larval Brn3c animals, suggesting that auditory defects develop early in this line. We also found significant differences in auditory sensitivity between adults of different background strains, akin to strain differences observed in mouse models of auditory function. Our results suggest that researchers should exercise caution when selecting an appropriate zebrafish transgenic or background strain for auditory studies.
Introduction
Transgenic organisms that express fluorescent proteins (FP), most often variants of green fluorescent protein (GFP), are widely used to study auditory development and function and to understand the causes and consequences of ototoxic insults (e.g., McDermott et al., 2010; Sweet et al., 2011; Coffin et al., 2013; Huang et al., 2013; Sheets et al., 2014) . For example, the transcription factor Atoh1 is sufficient for hair cell specification and Atoh1-GFP constructs have been used as markers of hair cell development or as drivers of hair cell regeneration (Zheng and Gao, 2000; Woods et al., 2004; Jones et al., 2006; Lin et al., 2011; Lewis et al., 2012) . In the lateral line system in fishes, GFP has been used as a sensory hair cell marker for a range of studies, including research on hair cell death and regeneration (Moon et al., 2011; Namdaran et al., 2012; Coffin et al., 2013) . Studies in larval zebrafish engineered to express cytoplasmic or organelle-specific modified FPs demonstrate sequential calcium-dependent signaling events in toxintreated sensory hair cells, further demonstrating the power of FP reporters for auditory research (Esterberg et al., 2013 (Esterberg et al., , 2014 . Collectively, these studies show the importance of fluorescent protein expression systems for research on the auditory periphery.
Fluorescent protein expression is generally considered benign (Heim et al., 1994) . However, GFP expression in vitro can cause side effects including altered cell physiology and apoptosis (Liu et al., 1999; Zhang et al., 2003; Baens et al., 2006; Coumans et al., 2014) . Similarly, GFP expression in transgenic mice is associated with multiple pathologies, including heart dysfunction and neuronal toxicity (Huang et al., 2000; Krestel et al., 2004) . We previously observed that adult transgenic Brn3c:mGFP zebrafish, which express membrane-bound GFP in hair cells, had elevated auditory thresholds compared to wildtype controls (Uribe et al., 2013a, and unpublished observations) . These findings are significant because zebrafish are an important model for investigating the genetics and development of the inner ear, ototoxicity studies, and hair cell regeneration (Whitfield, 2002; Goodrich, 2005; Nicolson, 2005; Brignull et al., 2009; Coffin et al., 2014) .
Zebrafish have both an inner ear and a mechanosensory lateral line system. Hair cells in both systems are homologous to mammalian hair cells and show similar responses to ototoxic damage (Popper and Fay, 1999; Harris et al., 2003; Coffin et al., 2004; Ou et al., 2010) . Lateral line hair cells act as low-frequency detectors of near-field vibratory stimuli, while inner ear hair cells detect both near-field and far-field acoustic stimuli and vestibular cues (Kalmijn, 1988; Fay and Simmons, 1999; McHenry and van Netten, 2007) . Hair cells in the adult zebrafish inner ear can detect sound frequencies up to 4000 Hz, while larvae are sensitive to frequencies up to 1200 Hz (Wang et al., 2015) . Larvae may not be sensitive to higher frequencies due to the relatively late development of peripheral auditory structures such as Weberian ossicles, although the upper limit of larval zebrafish hearing has not been thoroughly explored (Higgs et al., 2002; Zeddies and Fay, 2005; Bhandiwad et al., 2013; Lu and DeSmidt, 2013) .
Here we investigate whether several transgenic or background zebrafish lines used in hearing studies have altered inner ear morphology or auditory sensitivity. We show that hair cell-specific GFP expression is associated with significantly reduced auditory sensitivity in the adults of three different transgenic zebrafish lines. We also show significant differences in adult auditory sensitivity across background strains. Our data suggest that the choice of transgenic or background line may have significant consequences for the experimental outcome and limit comparisons across studies using different strains.
Materials and methods

Zebrafish husbandry and lines
Adult zebrafish (Danio rerio) were maintained in the zebrafish facilities of Washington State University Vancouver or Western Kentucky University. The adult zebrafish used in this study were at least 6 months old with a total length of 29e55 mm and were a mix of males and females. All larval zebrafish used for mechanotransduction or acoustic startle assays were 5e7 days post-fertilization (dpf) (sex not yet determined) and were the products of natural pairwise or group mating in the animal care facilities at Washington State University Vancouver. All experiments were approved by Institutional Animal Care and Use Committees from the institutions where the experiments were performed (Washington State University, University of Washington, or Western Kentucky University).
We tested four non-transgenic zebrafish lines: *AB, WIK, Tupfel long fin (TL), and a line of unknown genetic background obtained from a Florida zebrafish breeder, which we designate here as "outbred". The outbred strain was used as a proxy for true "wild" zebrafish, and because fish from this breeder have been previously used for auditory studies (Schuck and Smith, 2009; Schuck et al., 2011) . *AB and TL fish (purchased from ZIRC) were maintained in the Coffin Laboratory at Washington State University Vancouver as inbred lines. WIK fish were a kind gift from A. Nechiporuk at Oregon Health & Science University, also maintained as an inbred line. Outbred fish were purchased from a commercial supplier (Segrest Farms, Gibsonton, FL) and housed in the Animal Care Facility at Western Kentucky University.
Six transgenic lines were used for larval or adult experiments. Four of these were created on *AB backgrounds (Myo6, Bcl2, NeuroD, a-tubulin) and one on a TL background (ET4). The sixth line (Brn3c) is on a mixed genetic background. Tg(pou4f3:GAP-GFP) (Brn3c) fish express membrane-bound GFP under control of a brn3c (pou4f3) enhancer, created on a TL background, then outcrossed to Tübingen (Tu), and then later crossed to *AB for at least two generations before incrossing (Xiao et al., 2005; T. Linbo, personal communication) . Tg(myo6b:EGFP-Bcl2) fish (Bcl2) express the pro-survival protein Bcl2 fused to the C-terminal of EGFP, driven by the myo6b promoter and created on the *AB background. The Brn3c and Bcl2 lines primarily express GFP in sensory hair cells of the inner ear and lateral line, with some expression in the eye and optic tectum in Brn3c fish. Hair cells in Brn3c fish express GFP in the plasma membrane, while in hair cells of Bcl2 fish, GFP is found in the smooth ER, mitochondrial membranes, nuclear envelope, and cytosol . Tg(myo6b:EGFP) fish, created on a *AB background, are identical to the Bcl2 line, except that the GFP is not fused to a second protein; this line was created as a control for the Bcl2 line and expresses cytoplasmic GFP (Suli et al., 2014; A. Coffin, unpublished data) . ET4 fish, a kind gift from A.J. Hudspeth at the Rockefeller University, were created on a TL background, arose from an enhancer trap screen, and express EGFP in hair cell cytoplasm (Parinov et al., 2004) .
Tg(a-tubulin:tdTomato) X Tg(h2afv:GFP) fish are a cross between two transgenic lines, designated here as "a-tubulin" for identification. The first line, created on a *AB background, expresses tdTomato (a derivative of DsRed) under the control of the a-tubulin promoter, leading to FP signal in the cytosol of hair cells and some neurons (Ma and Raible, 2009; and T. Schilling, personal communication) . The second line expresses a histone (H2AZ)-GFP fusion protein in all cell nuclei (Pauls et al., 2001) . The original genetic background is unknown but it has been outcrossed to *AB, then crossed again to the a-tubulin:tdTomato fish for a primarily *AB background. Tg(NeuroD:tagRFP) fish (NeuroD) express cytoplasmic tagRFP under control of the NeuroD promoter and were created on a *AB background (McGraw et al., 2012) . These fish express the transgene in dorsal root ganglion neurons and a subset of other neurons, but not in hair cells, serving as a control for hair cellspecific transgene expression. Bcl2, Myo6, and NeuroD fish were all created on an inbred *AB background maintained at the University of Washington so the genetic background of these lines is highly similar. Similarly, the Brn3c and a-tubulin fish were crossed into the same *AB background as these other three lines. All transgenic lines were raised in the Coffin Lab at Washington State University. Fish sizes for each line are shown in Table 1 and images 
Auditory evoked potentials
To measure adult hearing thresholds, we performed auditory evoked potential (AEP) recordings (Corwin et al., 1982; Kenyon et al., 1998 ) from 6 to 13 fish from each zebrafish line, except *AB (n ¼ 22) and ET4 (n ¼ 4). Individual fish were anaesthetized with 100 ppm MS-222 (Sigma-Aldrich, St. Louis, MO), restrained in a mesh harness, and suspended under water in a 19 L vessel. Each fish was positioned so that the top of its head was approximately 6 cm below the surface and 22 cm above the underwater speaker. Three stainless steel subdermal electrodes (27 gauge, Rochester ElectroMedical, Inc., Lutz, FL) were inserted approximately 2 mm subdermally into the fish to record AEPs. The reference electrode was inserted into the medial dorsal surface of the head anterior to and between the eyes. The recording electrode was placed along the dorsal midline approximately halfway between the anterior edge of the dorsal fin and the posterior edge of the operculae, directly over the brainstem. The ground electrode was placed in the tail musculature.
A TDT System III physiology apparatus (Tucker-Davis Technologies Inc., Alachua, FL) operating SigGen and BioSig software was used to present sound stimuli (tone pips) and collect AEP waveforms. Auditory stimuli were passed through a P1000 power amplifier (Hafler, Port Coquitlam, BC) connected to a University Sound UW-30 underwater speaker (Electro-Voice, Fairport, NY) (Smith et al., 2004a,b; Smith et al., 2006; Sun et al., 2011) . Auditory thresholds were determined at 8 frequencies for each fish (100, 250, 400, 600, 800, 1000, 1500 and 3000 Hz). The sound pressure levels of each presented frequency were confirmed using a calibrated underwater hydrophone (calibration sensitivity of À195 dB re 1 V/mPa, GRAS Type 10CT, Denmark), placed proximately to the fish harnessing apparatus. Auditory thresholds were determined in 5 dB increments by visual inspection of AEP waveforms, using the procedure previously described by Smith et al. (2004b Smith et al. ( , 2006 . AEP threshold data were analyzed by 2-way ANOVA using frequency and fish line as independent variables.
Acoustic startle response
After confirming GFP expression at 3 days post-fertilization (dpf), embryos were transported from Washington State University to the University of Washington where they were kept in incubators at 28 C until testing at 6e7 dpf.
Experimental procedures for behavioral testing were conducted as in Bhandiwad et al. (2013) . Cohorts of 24 fish were placed in individual wells of a 96-well plate mounted onto a vertically oriented Brüel-Kjaer Type 4810 shaker (Naerum, Denmark). This setup allows for acoustic/vibratory stimuli to be delivered primarily in the dorsoventral axis of the fish. The experimental apparatus was housed inside a sound attenuation chamber (Industrial Acoustics, North Aurora, IL) on a vibration-isolation air table to minimize external vibratory noise. A custom MATLAB script was used to relay the stimulus signal to a Brüel & Kjaer Type 2710 amplifier via a Tucker Davis Technologies (TDT) System III device. Stimulus generation, capture, and TDT System III were controlled using Matlab and ActiveX software (Microsoft Corp., Redmond, WA) . Behavioral responses were recorded using a Photron Fastcam 1024PCI (Photron USA, Inc., San Diego, CA) at 1000 fps (512 x 512 pixel resolution) synchronized to the vibratory stimulus via a TTL pulse triggered through the TDT System III.
For the acoustic startle threshold experiments, each replicate (defined as one plate containing 24 fish arranged in a 6 Â 4 array) consisted of stimuli at frequencies of 90, 190, and 310 Hz, and at a sound level of 14 dB to À10 dB re. 1 m/s 2 (varied in steps of 6 dB).
That is, each plate of fish was presented with 35 stimuli presented in a repeated measures design. These frequencies were chosen because 5 dpf zebrafish are highly sensitive to frequencies in the 90e310 Hz range (Bhandiwad et al., 2013) , so it was assumed that any potential strain-specific differences would most likely be apparent at these frequencies. These trials were separated by a randomized inter-trial interval of 70 ± 10 s in order to reduce habituation. The behavioral responses were measured for 50 ms after stimulus onset. For each trial, responses for each fish were coded binomially (1 for response, 0 for non-response). If no fish responded to a particular stimulus, the response was coded as having a threshold of 20 dB, one step (6 dB) above the highest presented stimulus level. The binomial response data collected from each plate were analyzed using a curve-fitting procedure.
For each frequency, binomial responses at each stimulus level were averaged and converted to a response percentage. Thresholds for each frequency were determined by fitting the response percentages with a Weibull cumulative function using a maximum likelihood method. Thresholds were interpolated from the fitted function and were defined as the stimulus level at which the startle response could be reliably elicited >5% of the time.
The experimental procedure for the prepulse inhibition (PPI) experiments was similar to the startle response experiments except that a frequency of 820 Hz at 20 dB re: 1 m/s 2 was used as a universal startle-stimulus (Bhandiwad et al., 2013) . The number of frequencies was the same as in the startle trials (90, 190, 310 Hz) . Each replicate consisted of 20 trials, with four sound levels for each frequency presented in random order. These sound levels were empirically determined as the four largest sub-startle threshold levels for each frequency. A PPI trial consisted of a 100 ms randomized prepulse stimulus with a 24 ms ramp time followed by the startle stimulus. The inter-pulse interval, or the time between the end of the prepulse tone and the beginning of the startle tone, was 70 ms, which we determined previously (Bhandiwad et al., 2013) . Each PPI-startle stimulus presentation (trial) was preceded by a no prepulse 'catch' trial in order to determine baseline startle response probability. The catch trial also controlled for possible habituation to the stimuli. The PPI effect was calculated as the difference between the percent response to the prepulse trial and the mean response probability of the catch trials immediately preceding and following the prepulse trial. For all prepulse experiments, plates of fish were presented with no more than 20 total (prepulse and catch) stimuli to minimize habituation. After 20 presentations, fish were replaced with naïve fish from the same cohort. Thus, for each dataset we used a total of 48 fish from the same clutch. In the PPI experiments, binomial response data were converted into response percentage, as in the case of the startle experiments. However, this response percentage was subtracted from the mean of the paired no-prepulse catch trials before and after stimulus presentation. This yielded a difference in startle probability from the expected value. In cases where the difference was negative, the difference was set to zero. This difference was then fitted to a cumulative Weibull distribution. The threshold for the inhibition of the startle response was determined for each prepulse frequency tested and was defined as the stimulus level that elicited a 5% reduction of the probability of startle response between PPI trials and the paired catch trials.
For both startle response and PPI experiments, data were analyzed using the Friedman test with frequency and fish line as independent variables, followed by post-hoc analysis using a Wilcoxon rank-sum test.
Inner ear analysis
We quantified hair cell density in inner ear end organs to ask if cell number was correlated with differences in auditory evoked potentials (Smith et al., 2006; Oxman et al., 2007) . After euthanizing adults in an ice-water bath as per American Veterinary Medical Association (AVMA) recommendation, the lower jaw was removed and the bony capsule surrounding the inner ear was punctured, and the head was fixed in 4% paraformaldehyde for either 4 h at room temperature or overnight at 4 C. Heads were rinsed 3 times in 0.1 M phosphate-buffered saline (PBS, pH 7.4, Life Technologies, Eugene, OR) and the ears were isolated from the bony capsule with fine forceps, the otoliths were removed, and the inner ear epithelia (saccule, utricle, and lagena) were carefully dissected out and trimmed.
To visualize filamentous actin in hair bundles, epithelia were incubated for 30 min at room temperature in Alexa Fluor ® 488
Oregon Green or 568 Rhodamine Phalloidin (Life Technologies) diluted 1:100 in PBS. We used two different fluorophores to provide contrast with the transgene expressed by each line (e.g., if a transgenic line expressed GFP in hair cells, rhodamine phalloidin was used for contrast). Epithelia were rinsed once in PBS and mounted on a glass slide with coverslip using Fluoromount-G (Southern Biotech, Birmingham, AL). Hair bundles were imaged on a Leica SP8 confocal microscope (Leica Microsystems, Buffalo Grove, IL) using a 20x objective lens and 3x digital zoom. Total saccular length was determined for each sample and five images were taken along the midline at 5, 25, 50, 75, and 90% positions from the rostral end of the saccule, based on a similar sampling strategy by Smith et al. (2006) and Oxman et al. (2007) . Four images were taken for each utricle, with one in the extrastriolar region (centered along the rostral-caudal and dorsallateral axes) and three locations within the striolar region. Likewise, three representative striolar regions were chosen for the lagena. Hair bundle density counts were performed using ImageJ with the cell counter plugin (v.1.47; National Institutes of Health, Bethesda, MD). All bundles were counted within a 2500 mm 2 region centered on each image. Bundle count data were analyzed separately for each epithelium using a 2-way ANOVA with fish line and epithelial region as independent variables. Posthoc analysis used a Bonferroni test to correct for multiple pairwise comparisons, comparing each transgenic line to the background strain for that line. For comparison of wildtype strains, *AB were selected as the comparison strain. GraphPad Prism (v. 6, San Diego, CA) was used for statistical analysis.
Mechanotransduction assay
We performed a vital dye uptake assay to ask if fluorescent protein expression altered mechanotransduction channel function. This assay was performed in larval zebrafish because their hair cells are functionally mature by 5 dpf and are easily viewed in vivo (Murakami et al., 2003; Santos et al., 2006) . Larvae were immersed in 3 mM FM1-43 (Life Technologies) in E2 embryo medium (EM) for 30 s (Seiler and Nicolson, 1999; Westerfield, 2000; Gale et al., 2001; Meyers et al., 2003) . As a positive control, a higher concentration of CaCl 2 was used as a mechanotransduction channel blocker Coffin et al., 2009 ). *AB wildtype larvae were treated for 10 min in calcium-supplemented EM for a final concentration of 2100 mM CaCl 2 , then incubated in FM1-43 for 30 s with the same calcium concentration. All FM1-43 treatments were followed by four consecutive 30 s EM washes, anesthesia with buffered 0.001% MS-222, and immediate imaging using a Leica SP8 confocal microscope.
Fish were placed in the center of a raised triple coverslip and larvae were carefully rotated on their side, exposing the MI1 neuromast (located posterior to the eye; Raible and Kruse, 2000) . A 40X water immersion lens was used to image neuromasts. FM1-43 fluorescence was excited using a 488 nm laser and emissions were collected between 595 and 738 nm. Z-sections of each neuromast were taken at 0.5 mm intervals to a total depth of approximately 20 mm. All neuromasts for a given experiment were measured with the same gain and laser intensity settings. Maximum projection images were created from each image stack.
To quantify fluorescence, mean background fluorescence from a non-neuromast region was subtracted from mean FM1-43 intracellular fluorescence to generate standardized mean FM1-43 fluorescence for each MI1 neuromast. FM1-43 fluorescence was normalized to *AB (wildtype) neuromast fluorescence from that experimental day to control for FM1-43 uptake variation between experiments. Normalized fluorescent intensity was analyzed in Prism by 1-way ANOVA with fish line as the independent variable, followed by Bonferroni-corrected pairwise comparisons.
Results
Auditory evoked potentials
In a previous study, we found that adult transgenic Brn3c zebrafish that express GFP in sensory hair cells exhibited reduced auditory sensitivity compared to wildtype animals (Uribe et al., 2013a and unpublished data) . Based on this observation, we investigated whether several transgenic zebrafish used in auditory research have altered hearing. These transgenic lines are shown in Fig. 1 . Brn3c, Myo6, and ET4 fish all express GFP in inner ear and lateral line hair cells; Myo6 and ET4 fish express cytoplasmic GFP, while in Brn3c fish, GFP is expressed at the plasma membrane. Bcl2 fish express a GFP-Bcl2 fusion protein in hair cells, which is expressed in the cytosol and also localizes to the membrane of several organelles. Both a-tubulin and NeuroD fish express variations of red fluorescent protein; a-tubulin fish express cytoplasmic tdTomato in hair cells (as well as GFP in all cell nuclei), while NeuroD fish express cytoplasmic tagRFP in a subset of neurons, but not in hair cells. All lines except ET4 are on a primarily *AB background, while ET4 is on a TL background.
Here we show that adult Brn3c fish had elevated hearing thresholds that were at approximately 130 dB (re 1 mPa) from 100 to 1600 Hz, significantly higher than any wildtype strain within this same frequency range (Fig. 2AeB ). Bcl2 fish also had high thresholds at all frequencies up to 1600 Hz ( Fig. 2A) . Interestingly, we observed lower AEP thresholds (increased auditory sensitivity) in a-tubulin and Myo6 fish. AEP thresholds in a-tubulin fish ranged between 98 and 124 dB (re 1 mPa), while thresholds in Myo6 fish ranged from 89 to 109 dB, with both fish lines showing maximum sensitivity in the 400e1000 Hz frequency range, similar to thresholds of non-transgenic animals (Fig. 2AeB ). NeuroD fish also had lower AEP thresholds ranging from 99 to 118 dB (re 1 mPa), with substantial overlap seen in the NeuroD and a-tubulin audiograms ( Fig. 2A) . ET4 fish had significantly elevated thresholds compared to wildtype TL fish, with the highest thresholds in the low-frequency range (100e400 Hz) (Fig. 2C) . Statistics for all comparisons are given in Table 2 . We also examined AEP thresholds in four non-transgenic lines to assess the effect of genetic background on auditory sensitivity (Fig. 2B) . We found that adult WIK fish exhibited auditory thresholds that ranged from 90 to 117 dB (re 1 mPa) with the lowest thresholds observed from 400 to 1500 Hz. WIK thresholds were similar to those from our outbred control strain across much of the audiogram. Surprisingly, we found that *AB fish had relatively poorer auditory sensitivity than WIK or outbred fish, with *AB thresholds ranging from 115 to 122 dB (re 1 mPa) (see Table 2 ). The *AB fish also did not exhibit a bandpass auditory filter or U-shaped audiogram with best sensitivity from 400 to 1500 Hz, as seen in WIK and outbred fish, but instead had a relatively flatter audiogram across the frequencies tested (Fig. 2B) . TL fish had the highest thresholds of any background strain, with thresholds above 115 dB for all frequencies tested. These data show significant differences in auditory sensitivity across wildtype backgrounds and FP expression patterns, and demonstrate significantly reduced hearing ability in some commonly used fish lines that express hair cell-specific GFP.
Larval auditory responses
Given the striking auditory sensitivity differences in adults, we next asked if larval fish show similar differences in auditory sensitivity. Adult zebrafish have specialized adaptations (e.g., Weberian ossicles) that allow them to detect sound pressure, but larval zebrafish (5e7 dpf) lack such adaptations and are primarily sensitive to acoustic particle acceleration at this developmental stage. We first performed startle response assays with larval zebrafish to assess their response to vibrational stimuli. Startle responses were analyzed as relative threshold differences from non-transgenic agematched larvae (*AB or TL, as appropriate). Null results from the startle response assay indicate that there were no behavioral differences in response to high intensity auditory stimuli between transgenic fish and matched controls. Fig. 3A shows the startle response thresholds for transgenic lines on a predominantly *AB background. Myo6 fish have significantly less sensitive startle thresholds than *AB (Х 2 ¼ 6.23, p ¼ 0.01), while all other lines are not significantly different from the background strain. There is also no difference in startle responses between ET4 fish and the TL background strain (Fig. 3B , Х 2 ¼ 1.67, p > 0.05).
We then used a more sensitive prepulse inhibition (PPI) assay to assess the auditory thresholds of larvae (6e7 dpf) to prepulse tone stimuli (90e310 Hz) that inhibit the acoustic startle response (Bhandiwad et al., 2013) . The sound levels of these stimuli are below the startle threshold, allowing us to assess the complete hearing range of larval zebrafish. We observed significantly higher PPI thresholds in Brn3c larvae compared to age-matched *AB fish (Fig. 3C, Х 2 ¼ 5.15, p ¼ 0.02). We did not detect auditory threshold differences between the other transgenic lines with a predominantly *AB background as compared to *AB controls, nor did we see a difference between ET4 and TL larvae. These data suggest that the underlying cause of threshold differences in adults may manifest early in development for Brn3c transgenic fish, but that elevated thresholds in other lines are not apparent in larvae.
Hair cell quantification
Increased auditory threshold shifts are correlated with reduced hair cell density in fish sensory epithelia (Smith et al., 2006; Uribe et al., 2013a) . We therefore examined hair cell density in phalloidinlabeled inner ears from adult transgenic and non-transgenic lines. In the saccule, which is the primary auditory organ in zebrafish, Brn3c fish have significantly reduced hair cell density in the 5% position (rostral, high-frequency end; Smith et al., 2011) , while Myo6 fish have significantly greater hair cell density at the 90% position (caudal, low-frequency region) when compared to the *AB background strain (Fig. 4B, see figure legend for statistical values). Brn3c fish have poor AEP thresholds, while Myo6 fish have relatively good hearing, suggesting a possible (albeit limited) effect of bundle density. However, Bcl2 fish, a transgenic line with higher AEP thresholds, had hair cell densities comparable to the *AB background strain. ET4 fish, with poor AEP sensitivity, did not have altered hair cell density compared to its TL control, nor was there a difference in saccular bundle density between wildtype strains (Fig. 4) .
In the utricle, only Brn3c fish had fewer hair cells in any of the four sampling regions compared to its *AB background, and this was only in region four (Fig. 5B) . There was no difference in utricular bundle density between background strains, nor between ET4 and TL fish (Fig. 5CeD) . In the lagena, Bcl2 fish had increased hair cell bundle density compared to *AB controls in region three only, while WIK fish had greater lagenar bundle density in region three than either of the other wildtype strains (Fig. 6, see figure legend for details). Thus, there is little relationship between hair cell density and auditory sensitivity in any of the three end organs.
Mechanotransduction assay
Reduced auditory sensitivity can occur due to mechanotransduction defects, or deficits further downstream such as synaptic dysfunction (e.g., S€ ollner et al., 2004; Trapani and Nicolson, 2011) . The vital dye FM1-43 enters hair cells via the mechanotransduction channel, and therefore dye uptake is considered a proxy for channel function (Meyers et al., 2003; Park et al., 2013; Uribe et al., 2013b) . We assessed mechanotransduction by measuring the uptake of fluorescent FM1-43 in MI1 neuromasts of 5e6 dpf larvae, selecting a subset of lines that showed either reduced AEP sensitivity (Brn3c, ET4) or increased sensitivity (Myo6). FM 1e43 fluorescence was significantly reduced in lateral line hair cells of Brn3c larvae, but not in hair cells of ET4 fish, which also have significantly increased AEP thresholds as adults (Fig. 7) . There was also no difference in FM 1e43 fluorescence between background strains (*AB vs. TL). High extracellular calcium reduces the open probability of the transduction channel and serves here as a positive control (Eatock, 2000; Coffin et al., 2009 ). FM1-43 fluorescence was reduced by 70% in the presence of high calcium, demonstrating that our assay is sensitive to mechanotransduction perturbation. These data suggest that the auditory dysfunction we observed in Brn3c fish may be caused by altered mechanotransduction, but that mechanotransduction is not reduced in other fish lines with high AEP thresholds. Table 2 ). WIK and outbred animals have largely similar audiograms except at 400 and 1600 Hz. (C) ET4 transgenic fish, which express hair cell-specific GFP, have elevated thresholds relative to the TL background strain (F 1,7 ¼ 10.66, p < 0.01). N ¼ 4e13 for all treatment categories except for *AB (n ¼ 22). The complete statistical analysis is shown in Table 2 .
Table 2
Statistical results of two-way ANOVAs with zebrafish strain and frequency as main effects and auditory evoked potential (AEP) hearing threshold as the dependent variable. Each ANOVA compared the AEP thresholds of each of the following strains to those of *AB zebrafish, except for ET4, which was compared to its genetic background TL. Symbols next to strains denote whether the strain had thresholds that were generally greater (þ) or less than (À) those of AB zebrafish or TL zebrafish in the case of ET4. Significant p-values are bolded.
Source (df)
Strain (1) Frequency (7) Strain*Freq (7) 
Discussion
We demonstrate that adults of different transgenic and wildtype zebrafish lines have significant differences in auditory sensitivity. In our study, three adult transgenic zebrafish lines expressing hair cell-specific GFP (Brn3c, Bcl2, ET4) were less sensitive to auditory stimuli, although a similar line, Myo6, showed increased sensitivity. In the Brn3c line, which has the highest AEP thresholds of any line we tested, reduced auditory sensitivity is detectable in larvae, suggesting that the cause of this defect manifests early in development. In general, larval zebrafish have reduced auditory sensitivity compared to adults due to the delayed development of Weberian ossicles e modified vertebrae that couple the swim bladder to the inner ear and allow for sound pressure detection (Haddon and Lewis, 1996; Fay and Simmons, 1999; Higgs et al., 2003) . Given the absence of Weberian ossicles, our larval assays employed particle motion stimuli, rather than the sound pressure stimuli used for the AEPs, so we cannot directly compare between adult and larval studies. However, the increased auditory sensitivity gained by Weberian ossicle development means that functional differences are more likely to be detected in adult animals, which is consistent with our data. Adult zebrafish are used in a variety of auditory studies, including research on hair cell death and putative mechanisms of regeneration (Bang et al., 2002; Schuck et al., 2011; Liang et al., 2012; Burns et al., 2013; Uribe et al., 2013a) . In particular, a recent study demonstrated that biophysical hair cell properties are mature in zebrafish over two months old, suggesting that adult animals are preferable for some auditory physiology experiments (Olt et al., 2014) . Our data show that care is needed in selecting a fish line for auditory studies and in comparing results between fish lines, particularly for research using adult animals.
There are several possible explanations for these functional differences. Fluorescent reporter expression could modulate hair cell survival. Long-term GFP expression in vitro and in vivo can alter metabolic functions, affect ubiquitin targeting, and activate apoptosis (Liu et al., 1999; Zhang et al., 2003; Baens et al., 2006; Agbulut et al., 2007; Taghizadeh and Sherley, 2008; Koike et al., 2012; Coumans et al., 2014) . Increased hearing thresholds are associated with reduced hair cell density in vertebrates, including fishes (Coffin et al., 2012; Uribe et al., 2013a; Smith, 2016) . It is therefore possible that GFP expression causes hair cell death, resulting in poorer auditory sensitivity in adults. However, an apoptotic mechanism is not supported by our data, as only the Brn3c transgenic fish exhibit reduced hair cell numbers, and this occurs only in one region of the saccule and utricle (compared to the *AB background). Furthermore, Myo6 fish have better auditory sensitivity than their *AB counterparts, but only have increased hair cell density in one high-frequency region of the saccule, despite having reduced AEP thresholds at several frequencies. In Brn3c transgenic larvae, FM 1e43 uptake was reduced by 50%, suggesting a mechanotransduction deficit. A previous study showed that enhanced GFP (EGFP) can bind to the actin-binding site of myosin and disrupt muscle contraction (Agbulut et al., 2007) . Hair bundles are particularly rich in myosin proteins and mutations in a number of different myosin genes cause deafness in humans and animal models (Avraham et al., 1995; Friedman et al., 1999; Ernest et al., 2000) . Thus, fluorescent protein expression could interfere with the interaction of actin-myosin molecules and could modulate stereocilia dynamics, including the set point of the transduction apparatus (Seiler et al., 2004; Nayak et al., 2007) . However, we did not observe a defect in FM 1e43 uptake in ET4 fish, another transgenic line with hair cell-specific GFP and reduced AEP thresholds. It is likely that alternative mechanisms are responsible for the auditory defects seen in other lines, and possible that multiple mechanisms underlie the threshold increase in Brn3c fish. Membrane-bound GFP may alter the biophysical properties of the plasma membrane, thereby affecting membrane depolarization in response to mechanotransduction channel opening, which would not be detectable with our FM 1e43 assay. Bcl2 fish, which express a GFP-Bcl2 fusion protein in the cytosol and organelle membranes (smooth ER, mitochondria), also have increased AEP thresholds when compared to wildtype *AB fish. Previous research in the larval zebrafish lateral line demonstrates that hair cell responses to chemical toxins are partially determined by changes in mitochondrial membrane potential and calcium flux between ER and mitochondria (Owens et al., 2007; Esterberg et al., 2013 Esterberg et al., , 2014 . Therefore, GFP targeted to intracellular membranes could also influence organelle function. Future work is needed to assess hair cell physiology in these fish lines.
Mechanotransduction-independent mechanisms could also be affected by FP localization. For example, Brn3c fish express membrane targeted GFP tagged to GAP43, a modulator of GTP-ase activity, and in Bcl2 fish, GFP is attached to the pro-survival protein Bcl2. Interestingly, these two transgenics exhibit the highest AEP thresholds. These data suggest that the proteins fused to GFP could perturb signal transduction pathways at a variety of cellular locations and that GFP expression alone may not be responsible for the altered phenotype. Furthermore, compartmental localization may be significant in instances where GFP is fused to another protein.
The a-tubulin transgenic expresses GFP fused with histone in the nuclei of hair cells and has hearing thresholds that are not significantly different than its primarily *AB background. Our results with the Brn3c, Bcl2 and a-tubulin transgenics suggest a complex interplay may occur between the compartmental localization of a fluorophore and the activity of its fused proteins. Furthermore, ET4 fish, which express cytoplasmic GFP, have greatly elevated AEP thresholds, even when compared to the relatively poor hearing of the TL background strain. We therefore propose that a single mechanism may not be sufficient to explain the auditory heterogeneity between adult fish strains.
To our knowledge, all of the transgenic lines we have examined were created by random insertion of one or more transgene copies into the DNA backbone, so transgene copy number and insertional (Burgess and Granato, 2007 ), but we are not aware of reported variation in adult zebrafish strains. Heterogeneity in auditory function is also seen in mouse strains, although this variation most commonly manifests as variable-onset age-related hearing loss (Zheng et al., 1999; Kane et al., 2012) . For example, in an AEP study of inbred mice from the Jackson Laboratory, 20% (16/80) of lines showed increased thresholds by three months of age (Zheng et al., 1999) . In mammals, age-related hearing loss usually occurs first at the high frequencies, while we see the greatest elevation in thresholds in the center of the zebrafish audiogram (400e1600 Hz). While a recent study suggested that zebrafish show signs of age-related hearing loss (Wang et al., 2015) , fish continually produce hair cells throughout life, and the extent of possible age effects are not understood (Lombarte and Popper, 1994; Lanford et al., 1996) . We therefore consider it unlikely that the auditory variability in our study results from age-related hearing loss. Given these differences in wildtype hearing, it is likely that some of the differences between transgenic lines may be attributed to background strain. For example, ET4 transgenic fish have significantly elevated thresholds, and the TL strain on which they were created also shows relative poor AEP sensitivity. However, comparison of Bcl2 vs. *AB fish, both from the same genetic stock and maintained in the same lab, demonstrates that differences in adult auditory function are not solely due to background strain.
The Brn3c line represents an excellent resource to further tease apart the relative influence of genetic background on AEP sensitivity. Brn3c fish incorporate elements of TL and Tu strains on a primarily *AB background, and these two strains could significantly alter the relative contributions of the transgene or the *AB strain. Evaluation of hybrids between *AB, TL and Tu could clarify the effects of these background strains on the phenotype in Brn3c transgenic fish. Familial effects may also play an important role in hearing sensitivity. For example, our Myo6 line, on an *AB background, exhibits improved hearing relative to *AB controls. The Myo6 fish were established with sibling founders and have been separated from the *AB wildtype fish for approximately eight generations. If over succeeding generations of inbreeding, the background and transgenic lines develop distinct familial auditory traits, this could explain the different phenotypes. Future studies comparing fish from different familial origins and transgenic vs. non-transgenic siblings could resolve this issue. Differences between wildtype strains are still important to note, and additional work is needed to determine the genetic modifers responsible for strain-specific auditory differences in zebrafish.
In summary, we demonstrate significant differences in auditory thresholds between different adult transgenic and wildtype zebrafish lines. Brn3c, Bcl2, and ET4 fish, all of which express hair cell-specific GFP, have relatively poor hearing, while NeuroD and atubulin animals had sensitivity similar to non-transgenic WIK fish and to an outbred wildtype control line. Myo6 fish have relatively low AEP thresholds, suggesting that this line may be useful for auditory studies that require FP expression for hair cell visualization. *AB and TL adults, both common laboratory strains, had increased thresholds when compared to other wildtype lines. Our findings suggest that care is required when selecting a zebrafish line for auditory studies. on the *AB background, bundle density is significantly different between genotypes and sampling regions (2-way ANOVA, F 5,160 ¼ 8.91, p < 0.001; and F 2,160 ¼ 43.02, p < 0.001, respectively). In sampling region 3, bundle density is significantly higher in Bcl2 fish than in *AB fish (Bonferroni-corrected posthoc, ***p < 0.001). (C) There is a significant difference in lagenar bundle density between wildtype lines (2-way ANOVA, F 2,68 ¼ 9.08, p < 0.001 for genotype main effect), with WIK fish having higher density in region 3 than AB fish (*p < 0.05). (D) There is no difference in bundle density between ET4 and TL fish (2-way ANOVA, F 1,24 ¼ 0.40, p ¼ 0.53 for genotype main effect). Data are presented as mean ± S.E. N ¼ 8e17 fish per genotype. Quantification of mean fluorescence (arbitrary units) in the MI1 neuromast shows a significant effect of genotype/treatment (1-way ANOVA, F 5 ¼ 24.72, p < 0.001), due to a significant reduction in FM fluorescence in the high calcium (**p < 0.001) and Brn3c (**p < 0.01) groups (Tukey's multiple comparison test). Data are presented as mean ± S.E., and mean fluorescence is normalized to fluorescence in *AB controls from the same experiment. High extracellular calcium, which reduces the open probability of the transduction channel, was used as a control. N ¼ 10e11 fish per treatment. funds to A.B.C.
